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In this talk, I summarize a work done in collaboration O with Otto Kong on the Zee 
neutrino mass model. We show that the MSSM with explicit ij-parity violation 
actually contains the Zee model with the right-handed sleptons as the Zee singlet. 
We determine the conditions on the parameter space such that the neutrino mass 
matrix provides a viable texture that explains the atmospheric and solar data. 

1 Introduction 

We have seen substantial amount of experimental evidences from solar and 
atmospheric neutrino experiments tliat neutrinos in fact have masses. Among 
the experiments, SuperKamiokande □ provided the strongest evidence for the 
atmospheric neutrino deficit, especially the impressive zenith angle distribu- 
tion. The neutrino oscillation of — > Vr provides the best explanation for 
the atmospheric neutrino deficit. On the other hand, the solar neutrino deficit 
is best explained by Ue , Vr ■ 

So where do we stand if neutrinos do in fact oscillate? 

1. Neutrino oscillation necessarily implies neutrinos have masses and of dif- 
ferent masses. 

2. However, we do not know the absolute values of the masses. We only 
know the mass differences. Tha mass difference required to explain the 
atmospheric neutrino deficit is u 

Am^,„ ^ 3 • 10-3 eV^ , 

while a few solutions to the solar neutrino cLeficit exist. For example, the 
LMA solution requires a mass difference of u 

Ami,,, - 10"' eV^ (MSW) . 

3. Though we do not know the absolute mass scale of the neutrinos, we have 
indirect constraints from various sources. The cosmological constraint 
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f^hot ^0.1 implies ^ 3 eV, assuming neutrinos make up the hot 
dark matter. The end point of Tritium decay also constrains m^^ ^ 2.2 
eV. Nevertheless, the best constraint comes from the neutrinoless double 
beta {01/(3 (3) decay. The absence of 01/(3(3 decay put an upper bound on 
the effective neutrino mass, as 

(m,)e = ^ m^yl < 0.2 eV . 

i 

We know of two widely separated mass scales in neutrinos: Am^tm and 
^"^soiar- Two possibilities of arranging the three neutrino masses exist: (1) 
mi <C 1712 ~ "I3 or (2) mi ~ m2 ^ m^, assuming mi < m2 < m^: 



2 Types of neutrino mass 

There are three types of neutrino mass according to the structure of the mass 
term. 

(i) Dirac neutrino mass: ipL-M DXB + h.c, in which XR is the right-handed 
neutrino field. This is analogous to the Dirac mass term for charged leptons. 
However, this term is not allowed in the SM, because the bare mass term is 
forbidden by gauge invariance and the SM does not have the right-handed 
neutrino field. Even in the case of charged leptons, the Dirac mass term must 
be derived from the Yukawa term with a Higgs field or equivalent, in order 
that gauge invariance is fulfilled before the symmetry breaking, followed by 
spontaneous symmetry breaking that the Higgs field develops a VEV. 

(ii) Left-handed marjorana neutrino mass: i('J^C~^A4l''Pl, where C is the 
charge conjugation operator. Again, this bare mass term is not allowed in the 
SM due to gauge invariance. Therefore, it must be derived from a Yukawa 
term with a Higgs field or equivalent. However, in this case a I = 1,Y = 2 
Higgs field is required to generate such a mass term. SM does not have such 
a Higgs field. 
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(iii) Right-handed marjorana mass: XrC!~^MrXl- In the SM, there is 
no right-handed neutrino field. 

Therefore, to generate nonzero neutrino mass one has to include new 
physics beyond the SM. In both (i) and (iii) a right-handed field has to be 
introduced while the case (ii) does not necessarily require a right-handed field. 

The hierarchy between the small neutrino mass and the charged lepton 
mass tells us something special about the mechanism that generates the neu- 
trino mass, otherwise a fine tuning of the small Yukawa coupling for neutri- 
nos is needed. A natural way to generate small neutrino mass is the see-saw 
mechanism, making use of a very large mass scale. Suppose there exist heavy 
right-handed neutrino fields Xfl's that couple to the left-handed neutrino fields 
via the usual Yukawa coupling. After electroweak symmetry breaking, 

C^W: {Md),j Xb, + xl, (Mr)^^ xr, + h.c. , (1) 

where the first term is the Dirac mass term for the neutrinos and the last 
term is the majorana mass for the right-handed fields. We can then write the 
mass matrix as 

After diagonalizing the mass matrix, the mass matrix of the light neutrinos 
is given by 

- -MdM-j^^MI , (3) 

where is the inverse of the majorana mass matrix. If Mr is sufficiently 

large, it naturally obtains small neutrino mass. Or equivalently, in terms of a 
dim-5 operator: 

To explain the observed neutrino mass the scale of Mr ~ 10^°"^"^ GeV for a 
typical Yukawa coupling. Such an intermediate scale arouses a lot of theoret- 
ical speculations and interests. Should the XR related to SUSY breaking or 
early unification (a prediction of the Type I string theory is that the string 
scale is around 10^^ GeV.) 

Another natural way to generate small neutrino masses is to make use 
of loop suppression. This need not introduce right-handed neutrino fields, 
though new physics is still needed to generate the neutrino mass. One nice 
example is the Zee model □. 
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Figure 1. A Feynman diagram for the Zee model, embedded in the RPV SUSY framework. 



3 Zee mass model 

Zee model % provides anpficanomical way to generate small neutrino masses 
with a favorable texture ajj^tl. The model consists of a charged gauge singlet 
scalar which couples to lepton doublets ip^^ via the interaction 



where a,P are the SU(2) indices, i,j are the generation indices, C is the 
charge-conjugation matrix, and are Yukawa couplings antisymmetric in i 
and J. Another ingredient of the model is an extra Higgs doublet (in addition 
to the one that gives masses to charged leptons) that develops a VEV and 
thus provides mixing between the charged Higgs boson and the Zee singlet. 
The one- loop diagram for the Zee model is depcited in Fig. ^ 

The Zee model can provide a mass matrix of the following texture u'U 



where e is small compared with and , which is able to provide a com- 
patible mass pattern that explains the atmospheric and solar neutrino data. 
Diagonal elements are guaranteed to vanish while the m^r entry, denoted by 
e, has to be suppressed by some means. Moreover, rriep, is required to 

give the maximal mixing solution for the atmospheric neutrinos. 
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(4) 





First, take e = the matrix can be diagonalized by 





\/2 \/2 




(6) 



V2m v^i 
yne^ — yrteT 

with the eigenvalues m, — m, for 14^, z^^i '^i?- respectively, and m = 

ml^ + ml. The atmospheric mass-squared difference Aml,^ 3 x 

10~^eV^, is to be identified with = + m^^. The transition proba- 
bilities for are 

P = n 

liirieij. — TTieT- then sin^ 20atm — 1- This provides the maximal mixing solution 
for the atmospheric neutrino anomaly. 

If we choose a nonzero e, but keep e <C me^,eT- Then after diagonalizing 
the matrix we have the following eigenvalues 



m^i = . ■mi,, +m: 



2 _i_ rtT^2 _i_ ^ ^efj,^eT 



= -2e^ — ^ 5- . 

The mass-square difference between rn^^ and m^^ can be fitted to the solar 
neutrino mass. If one takes the LMA solution and requires 

^^^e^me^ = Ami,, - 2 x 10"^ eV^ , 



giving (we have used men — ™er) 

e 



5 X 10"^ . 



me 



4 Neutrino mass in SUSY 



The original Zee model was not embedded into any grand unified theories 
or supersymmetric models. It would be very interesting if the Zee model 
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naturally exists in some GUT or SUSY theories. In fact, the minimal su- 
persymmetric standard model (MSSM) with a minimal extension, namely, 
the i?-parity violation, contains the Zee model. The right-handed sleptons in 
SUSY have the right quantum numbers to play the role of the charged Zee 
singlet. The i?-parity- violating (RPV) A- type couplings could provide the 
terms in Eq.(^. It is also easy to see that the RPV bilinear /i-type couplings 
(^iLiJa) would allow the second Higgs doublet H2 in SUSY to be the second 
ingredient of the Zee model. 

However, in RPV SUSY framework, there are three other sources for 
neutrino masses, in addition to the Zee model contribution. They are (i) the 
tree-level mixing with the higgsinos and gauginos, (ii) the one-loop diagram 
that involves the usual mass mixing between the left-handed and right-handed 
sleptons proportional to (Af — /i tan and (iii) the one- loop diagram that 
again involves the mixing between the left-handed and right-handed sleptons 
but this time via the A and /ii couplings. They may deviate from the texture 
of the Zee mass matrix of Eq. (^) . 

The tree-level mixing among the higgsinos, gauginos, ancLneutrinos gives 
rise to a 7 X 7 neutral fermion mass matrix M.j\f under SVP 0: 



' Ml 





g'v2l2 


-9'v^/2 













~gu,/2 


9Vi/2 








g'v,/2 







-M 


-Ml 


-M2 -M3 






-Ai 

















-Ml 







(m|i)i2 (m^)j3 








-M2 







(m°),2 (m^)23 








-Mi 





(™°)31 


(m°)32 (to^)33. 



(7) 



V 

whose basis is {~iB, —iW, h^, h^, i^^, 14 it^). 

In the above 7x7 matrix, the whole lower-right 3x3 block (m°) is zero 
at tree level. They are induced via one-loop contributions. We can write the 
mass matrix in the form of block submatrices: 



M^f = 



M 






ml 



(8) 



where is the upper-left 4x4 ncutralino mass matrix, ^ is the 3x4 block, 
and ml is the lower-right 3x3 neutrino block in the 7x7 matrix. The 
resulting neutrino mass matrix after block diagonalization is given by 

(m.) = -^M-if + {ml) . (9) 

The first term here corresponds to the tree level contributions, which are 
see-saw suppressed. 
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Through this gaugino-higgsino mixing, nonzero /^i's give tree- level see-saw 
type contributions to {m^)ij proportional to fiifij, given by 

f ^ cos^P jg^M, + g'^M,) 

^"""^^^^ 2^1 - «2 sin/3 cos/3 (g^M, + g'^M,)] ' ^ 

A diagonal {m,j)kk term is always present for a nonzero fik- To eliminate these 
tree-level terms requires either very stringent constraints on the parameter 
space or extra Higgs superfields beyond the MSSM spectrum. This is a major 
difficulty of the present MSSM formulation of supersymmetric Zee model. 

Zee mechanism. The Feynman diagram is shown in Fig. |l|. The is 
the charged Zee singlet. To complete the diagram the charged Higgs boson h~ 
from the Higgs doublet is on the other side of the loop and a iR^-h\ mixing 
at the top of the loop is provided by a term of Lk'- iik'm'f^h\t*^{h^) / {h^), 
where takes on its VEV, for a nonzero /i^. Thus, the neutrino mass term 
(m^)ij has a 

^ikrrk^Xijkim^. - ml) (11) 

dependence, where . 's are the charged lepton masses. 

LR slepton mass mixing comes from the one-loop diagram with two A- 
coupling vertices and the usual {/f — /i tan /3)-type LR slepton mixing. Ne- 
glecting the off-diagonal entries in A^, the contribution to (to")^ with the 
pair Xiik and Xj^i is proportional to 

[ {Al - ^tan/3) + (1 - 4i)(^f - Mtan/3) ] nh^m.KikXjU ■ (12) 

LR slepton mass mixing via RPV couplings comes from a F term of Li: 
l^iKjk^Ljf^a^ihi), where takes on the VEV. This is similar to the £ri^-IiI 
mixing in the Zee model, except that this time we have a A-type coupling in 
place of the Yukawa coupling. With a specific choice of a set of nonzero /Xj's 
and A's, this type of mixing gives rise to the off-diagonal {m^)ij terms only 
and, therefore, of particular interest to our perspectives of Zee model. Taking 
the pair Xuk and Xjhi for the fermion vertices and a F term of Lg providing 
a coupling for the scalar vertex in the presence of a Hg and a Xghk, a (rnl)ij 
term is generated and proportional to 

^^gmf^XghkXiikXjhi ■ (13) 

When we allow only one nonzero A at a time, the only contribution comes 
from Xijj but not from those with distinct indices. Suppose we have nonzero 
Xijj and Hj, there is a contribution to the off-diagonal {m1)ij with a ^ij-mf^X^jj 
dependence. 
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Wc conclude that a minimal set of RPV couplings needed to give the 
zeroth order Zee matrix is 

{ Ai2 k , Ai3 fc , Ilk } ■ 

As at least one of the two A's has the form Xikk (= —^kik), all types of 
contributions that have been discussed above are there. We want to make the 
contribution from the Zee mechanism dominate over the others, or at least to 
suppress the diagonal entries in (m^). This necessarily requires suppression of 
the contributions from the tree-level see-saw mechanism and from the (A^ — 
tan/3)-typc LR slepton mixing. So, it is the Zee mechanism and the LR 
mixing via RPV couplings are required to be the dominant ones. 



5 Scenarios and conditions to maintain Zee Texture 

Because of space limitation we only show the best scenario I j^Ai23, A 133, and 
/U3}. The resulting neutrino mass matrix is given by 

(CimlX%s C2 mr /^3Al23 +C5 mr /i3Ai23Alj3 C'2ml HsXms + rur HsX^s^ 




(14) 



where 



cos2/3 (g^Mi + g'^M^) 



= -TTTT (^r - Mtan/3) f{M?^,M?J , 



2/x - t;2 sin/3 cos/3 {g^M, + g'-^M^ 

1 

16^2 



Ion'' t; cos/3 " 



where f{x,y) = \og{y/x). 

In the above, we have neglected terms suppressed by me/mn or rrie/mr- 
In order to maintain the zeroth order Zee texture, we need and mer 
to dominate over the other entries. Moreover, we need men ~ '^e'^ ~ 
^rKMi:,{^ 5 X 10-" GeV). 

Requiring the tree-level gaugino-higgsino mixing contribution to be well 
below men gives 

jjil cos^p «; fj,^M, (1 X 10-1^ GeV"^) . (16) 
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For the (A^ — fj, tan/3) LR slepton mixing contribution to be much smaller 
than rrie^, we have 

Max(Af? ,M? ) 
Xl^ « ^^^-1^(2.5. 10-^ GeY-^). (17) 

This corresponds to niee- It tells us that X^aa can hardly be much larger than 
lO^'^. On the other hand, A123 is constrained differently because it does not 
contribute to this type of neutrino mass term. 

From the tree-level Zee-scalar mediated fi decay, the constraint is 



M? 



which tells us that A^s can be as large as order of 0.01 for scalar masses of 
order of O(IOO) GeV. 

Both ruep, and mer have two terms. Let us look at rriep first. For the first 
term in (the one with a C'^ dependence) in Eq. (|lj) to give the required 
value of atmospheric neutrino mass, we need 



men - , (7 X lO-'GeV^) ~ (5 x 10"^^ GeV) (19) 

cos2/3 max(M2_,M?^) ^ ^ ^ J \ J 



or 



(Ai3 COS/3) A123 cos^P max(M2_ , M?J (7 x 10"'^ GeV"^) . (20) 

This result looks relatively promising. If we take cos/3 — 0.02, all the involved 
scalar masses at 100 GeV and Xj23 at the corresponding limiting 0.01 value, 
II3 cos/3 has to be at 5.6 x lO""* GeV to fit the requirement. This means pushing 
for larger Mi (and M2) and /i values but may not be ruled out. 

The corresponding first term in has a A133 dependence in the place 
of A]23 with an extra enhancement of m'^/mj^, in comparison to me^. That is 
to say, requiring ~ rrier gives, in this case, 

A133 ~ T -^123 ■ (21) 



m 



This gives a small X^s easily satisfying Eq. (p7|). The small A133 also suppresses 
the second terms in both and rrier, the C5 dependent terms in Eq. (p^). 

To produce the neutrino mass matrix beyond the zeroth order Zee texture, 
the subdominating first-order contributions are required to be substantially 
smaller in order to fit the solar neutrino data. Here, it is obvious that it is 
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difficult to further suppress the tree level gaugino-higgsino mixing contribu- 
tion to m-rTi which makes it even more difficult to get the scenario to work. 
Explicitly, the requirement for the solar neutrino is 

l4 cos2/3 ~ /Lt^Mi (1 X 10"^^ GeV"^) . (22) 

6 A general version of supersymmetric Zee model 

The conditions for maintaining the Zee neutrino mass matrix texture is ex- 
tremely stringent, if not impossible, mainly because of the tree-level mixings 
via the bilinear RPV couplings. An alternative without the bilinear RPV 
couplings is to introduce an additional pair of Higgs doublet superfields. De- 
noting them by and H^, bearing the same quantum numbers as and H2, 
respectively, RPV terms of the form 

can be introduced. With a trivial extension of notations we obtain a Zee 
diagram contribution to (to^)^ through Ayfc as follows : 

lei m ^<-<^ ^^^^ f(K,'Kj ■ (23) 

Here the slepton (j^^ keeps the role of the Zee singlet. Notice that the second 
Higgs doublet of the Zee model, corresponding to H3 here, is assumed not to 
have couplings of the form LiH^Ej. The condition for the LR slepton mixing 
contribution to be below the required TOg^t would be the same as discussed in 
the last section. 

However, there is a new contribution to {m^)kk given by 

-1 {hi? 



167r2 (/i0)2 



mf{XiYAlf{M',Ml ). (24) 



This is a consequence of the fact that the term XIH^ E'j, provides new mass 
mixings for the charged Higgsinos and the charged leptons. The essential 
difference here is that unlike the terms the \1H"Hf E^ term does not 
contribute to the mixings between neutrinos and the gauginos and higgsinos 
on tree level. 

Similar to the above we are interested in only the minimal set of couplings 
{A12 k , k , A"} with a specific k. For expression ( p3| ) to give the right value 
to rriefj., we need 

Max(Ae,M? ) , ox 
A...A« HI (7x 10-^GeV-i) , (25) 
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and similarly for mer, it requires Xi^k = ('Tt^/'Ti^)Ai2fe . This condition is 
easy to satisfy when we take {h'^) / (h'^) — 0.1. For Eq. ( |23[ ) to dominate over 
Eq. (p^), it requires 

A...»A, — — , A,3.»A, — — . (26) 

The most favorable scenario is then the k — 1 case, where m^^ is just the 
TTig. The above requirements are then easily satisfied. Also, the requirement 
for suppression of the LR slepton mixing is the same as before, and we also 
have Eq. ( p^ ) from the tree-level Zee-scalar induced muon decay. All these 
constraints can now be easily satisfied. Hence, such a supersymmetric Zee 
model looks very feasible. 

7 Conclusions 

Zee model provides a viable texture that explains the data. The minimal 
extension of MSSM with i?-parity violation actually contains the Zee model, 
with the right-handed sleptons in as the charged singlet, Xijk couplings pro- 
viding lepton-number violation, and Hu providing the mixing. 

However, there are other sources of neutrino mass in RPV SUSY, some of 
which wipe away the favorable texture. In order for the Zee contribution to 
dominate over the others we pick the best minimal scheme {Xi2k , Aiafc , /ifc}, 
k — 3, and determine the requirements on the parameter space, which turns 
out quite stringent but still possible. 

Finally, we offered a further consideration that abandons the bilinear RPV 
couplings but introduces two additional Higgs doublets. This model turns out 
quite feasible. 

I would like to thank Otto Kong for the pleasant collaboration on the 
work presented here. 
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